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This study aimed to compare the performance of an internal combustion engine fed with 3 
blends of biodiesel produced from soybean and diesel, and blends of biodiesel produced from 4 
beef tallow and diesel. Performance was evaluated in terms of power generated at low 5 
loading conditions (0.5; 1.0 and 1.5 kW) and emission of organic and inorganic pollutants. In 6 
order to analyze inorganic gases (CO, SO2 and NOx), an automatic analyzer was used and the 7 
organic emissions (BTEX) were carried out using a Gas Chromatograph (GC). The results 8 
indicate that the introduction of the two biodiesels in the fuel caused a reduction in CO, SO2 9 
and BTEX emissions. In addition, the reduction was proportional to the increase in loading 10 
regime. Beef tallow biodiesels presented better results regarding emission than soybean 11 
biodiesels. The use of pure biodiesels also presented a net reduction in pollutant gas 12 
emissions without hindering the engine generator performance. 13 
 14 
Key-words: air pollution; biodiesel; diesel; gas emissions; volatile organic compounds.  15 
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1. Introduction 16 
 17 
The development of alternative – and cleaner - sources of energy has become a major 18 
preoccupation of researchers and businesses alike. In particular, the use of biodiesel as an 19 
energy source is becoming a viable and environmentally friendly alternative to diesel. 20 
Several studies reported in the literature suggest the environmental advantages of using 21 
biodiesel – pure or in blends with diesel - for internal combustion engines. A study carried 22 
out by the U.S. EPA [1], estimated that the use of a blend with 20% soybean-generated 23 
biodiesel and 80% diesel leads to a reduction of ~10% in particulate material, ~21% in 24 
hydrocarbons and 11% in carbon monoxide emissions, but a 2% increase in NOx emissions. 25 
Ferreira et al. [2] analyzed the volatile organic compound (VOC) emissions in compression 26 
ignition engines fueled with diesel and a blend of diesel and biodiesel (B10). In their study, 27 
an indirect-injection, four-cylinder engine, coupled with a hydraulic dynamometer, was used 28 
with a maximum power generation of 50 kW. The engine worked for 30 hours under varying 29 
torques and at a constant rotation (2500 rpm). The results showed a reduction in benzene 30 
(19.5%) and ethylbenzene (4.2%) emission with the use of B10, in comparison to pure diesel 31 
emissions. Corrêa and Arbilla [3] tested mamona ethyl-derived biodiesel in a six-cylinder 32 
diesel engine, at 1500 rpm rotation and steady-state. They obtained a reduction in 33 
monoaromatic and polyaromatic hydrocarbon emissions when biodiesel was added to the fuel 34 
mix. Dorado et al. [4] carried out tests with pure waste olive oil methyl ester-derived 35 
biodiesel and diesel in indirect injection engines operating under steady-state. In this 36 
situation, it was verified that the use of biodiesel led to a reduction in CO (~59%); CO2 37 
(~9%); NO (~37%) and SO2 (~58%) emissions. However, the introduction of these types of 38 
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biodiesel caused an 81% increase in NO2 emissions and 8.5% increase in fuel consumption. 39 
In addition, the technical literature in this particular field seems to corroborate the statement 40 
that biodiesel combustion emissions are directly dependent on raw-material precursor and 41 
engine operation conditions, such as load and power.  42 
 43 
The purpose of this study was to evaluate the emissions of inorganic (CO, NOx and SO2), and 44 
organic (benzene, toluene, ethylzenbene and xylene – BTEX) pollutants, as well as the 45 
energetic performance of an internal combustion engine operating under low loadings. Due to 46 
their toxicity and harmful effects to human health even in low concentrations, the organic 47 
compounds chosen for quantification were benzene, toluene, ethylbenzene and xylenes 48 
(BTEX) [5]. They are mainly released by vehicles and are amongst the most commonly 49 
found volatiles in the urban atmosphere [5-7]. They are considered as precursors of 50 
photochemical reactions that occur in the lower atmosphere, contributing to the formation of 51 
photochemical smog [8]. 52 
 53 
The fuels used were blends of soybean biodiesel and mineral diesel, and blends of the latter 54 
with beef tallow biodiesel and mineral diesel. Several volumetric blending proportions with 55 
mineral diesel were used (B0, B5, B20, B50 and B100). Beef tallow and soybean are by far 56 
the main precursors of biodiesels in Brazil, corresponding to ~92% of the biodiesel 57 
production in the country [9].  58 
 59 
A great number of studies involving biofuels are restricted to their possible use as a substitute 60 
for gasoline and diesel, and how the latter two compare with biofuels in terms of energy 61 
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output. Quite often, environmental aspects associated with fuel use, such as quantities of 62 
greenhouse emissions, are not considered. This aspect is considered herein and is one 63 
important novelty of the study.  64 
 65 
 66 
2. Material and methods  67 
 68 
2.1 Diesel, biodiesel and blends 69 
 70 
In order to carry out the tests in a bench engine, pure type A diesel (provided by Petrobras 71 
S.A., Brazil) was used. It had a maximum sulfur content of 1800 ppm and was exempt of any 72 
additives. The two basic biodiesel fuels, soybean methyl ester biofuel (herein identified as 73 
SB) and beef tallow biofuel (herein identified as BT), were obtained from companies 74 
registered at the Petroleum Natural Gas and Biofuels National Agency (ANP, Brazil). BT is a 75 
mix of beef tallow methyl ester (62%) and soybean methyl ester (38%). The BT composition 76 
results from regulatory requirements that state that soybean must be added to beef tallow so 77 
that BT meets the ANP requirements [10] to be commercialized as fuel [11]. 78 
 79 
The upper heating value (UHV) was determined in the laboratory for the three fuels and their 80 
blends. The lower heating value (LHV) for each fuel and composition tested was estimated 81 
according to Penido Filho [12]. Blends were prepared with 0, 5, 20, 50 and 100% vol. of each 82 
biodiesel in the diesel. These proportions are represented herein by B0, B5, B20, B50 and 83 
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B100. Formulation B5 was required by Brazilian legislation when the experiments were 84 
performed [13]. As of 2015, the required proportion is 7%. 85 
 86 
2.2 Characterization of the engine used and performance tests 87 
 88 
Emission and power-generation performance tests were performed with a direct-injection, 89 
monophase power generator (Branco, model BD 6500 CF) yielding 7.36 kW of power 90 
coupled with a 5.5 kW load panel. For each diesel-biodiesel proportion (SB0 to SB100 and 91 
BT0 to BT100), the following loadings were evaluated: 0.5 kW, 1.0 kW and 1.5 kW, 92 
corresponding to approximately 10%, 20% and 30% of the total load supported by the load 93 
panel (5.5 kW). It is worth noting that the manufacturer claims that this Branco model can be 94 
powered by alternative fuels (such as biodiesel).  95 
 96 
Engine performance evaluations were carried out for each blend of fuel. The first step was to 97 
calculate the brake specific fuel consumption (BSFC; g/kWh) using mass consumption data 98 
(kg/s) and applying Eq. (1): 99 
 100 
𝐵𝑆𝐹𝐶 =  3600 𝑀𝐶 𝑉𝑖⁄                               (1) 101 
 102 
where V is the output voltage (V) and i is the electrical current (A)  103 
 104 
Finally, the overall performance, expressed as overall efficiency as a function of the system 105 




                                  (2) 108 
 109 
All the necessary parameters were collected in duplicate and the statistical analysis used was 110 
the Randomized Experimental Block Design (Tukey test, at 5% probability level).  111 
 112 
2.3 Combustion emission tests 113 
 114 
2.3.1 Inorganic gases  115 
An automatic combustion gas analyzer (Bacharach, model PCA3-285KIT / 24-8453) was 116 
used to monitor the emissions of CO, NOx (NO+NO2) and SO2, which are typically released 117 
by diesel cycle vehicles. The equipment probe was located near the exhaust gas outlet (or 118 
pipe), transversally to the combustion gas exhaust flow. For each sampling, the analyzer was 119 
brought to equilibrium with the environmental conditions until the oxygen measurement 120 
leveled back to 20.9% vol. at atmospheric pressure. Inorganic gas emissions were assessed 121 
for loads 0.5, 1.0, and 1.5 kW, using the same number of fuel formulations previously 122 
described. More than 50 samples were collected for CO analysis and 30 for SO2 and NOx for 123 
each fuel blend. Statistical analyses were performed following the Randomized Experimental 124 
Block Design Test (Tukey test, at 5% probability level). 125 
 126 
2.3.2 Organic gases 127 






Organic emission tests were carried out for all fuel blends and power loadings. Organic gas 129 
sampling followed the U.S. EPA Compendium Method TO-17 [15]. The VOC present in the 130 
air were collected by active sampling onto 89-mm long, 6-mm OD and 4-mm ID Perkin 131 
Elmer glass sorbent tubes. The solid adsorbent used was the 60-80 mesh, 35-m²/g specific 132 
surface area porous polymer Tenax TA (2,6-diphenyl-p-phenylene oxide; supplied by 133 
Supelco). The sorbent tubes were filled with 180 mg Tenax TA and conditioned in automatic 134 
thermal desorption for 30 minutes at 320 ºC. This ensured the removal of any artifact that 135 
could be present in the adsorbent bed. The choice for this adsorbent took into account its 136 
hydrophilic feature, minimum artifact level (<1 ng) [15]. In addition, this absorbent is 137 
designed to be used in thermal desorption system equipment. The adopted desorption 138 
parameters are presented in Table 1.   139 
 140 
Pumping air into the tubes was carried out with a portable pump (AirChek, XR 5000) with 141 
sampling air flow fixed at 100 mL/min. It was, therefore, possible to adjust the sampling 142 
volume according to the safe sampling volume [15]. Sampling and preliminary analyses 143 
pointed out that the safe sampling volume for organic gases was 500 mL. 144 
 145 
After sampling, the tubes were wrapped in tin foil and sent for analysis to the Environmental 146 
Technology Development Research Laboratory at the Chemistry Engineering College of 147 
Campinas State University (UNICAMP). Samples were analyzed using a Perkin Elmer gas 148 





Table 1 Desorption parameters in automatic thermal desorption (ATD) 152 
 153 
 154 
In order to separate the compounds, a 60-m long capillary column, 100% dimethyl 155 
polysiloxane, was used. The chromatographic conditions adopted in this study are presented 156 
in Table 2. The FID operational conditions were the following: temperature – 250 ºC; 157 
synthetic air flow – 420 mL/min; hydrogen flow – 45 mL/min.    158 
 159 
 160 
Table 2 Chromatographic oven heating conditions 161 
 162 
 163 
Quality control and calibration curves for organic gases 164 
For quality control, organic emission tests included duplicate samplings (for all fuel blends 165 
and power loadings) and field blanks. Two tubes were used as field blanks, submitted to the 166 
same conditioning, storage and transport conditions as the tubes used in the analyses [15]. 167 
The detection and quantification limits (DL and QL) were estimated from the analytical 168 
response of laboratory blanks. The standard deviation of mass obtained in the blanks was 169 
multiplied by 3.3 to estimate the DL and by 10 to estimate the QL [16]. 170 
 171 
BTEX were quantified by external standard calibration. To prepare the solutions for the 172 
calibration curves, methanol (Merck KGaA) was used as a solvent. The stock solution 173 
preparation requires previous knowledge of the mass band of the substances that will be 174 
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sampled. A six-point calibration curve (all points in triplicate) for each BTEX was performed 175 
so that these analytical curves covered a wide range of masses for the analytes in the samples. 176 
In all cases, the coefficients of determination (R2) were greater than 0.99. 177 
 178 
The concentration of each BTEX compound was determined considering its mass (as 179 
determined by chromatography) and the safe sampling volume used to trap the gas (500 mL).  180 
The retention times, detection and quantification limits for each BTEX are shown in Table 3. 181 
 182 
Table 3 BTEX retention times, detection and quantification limits. 183 
 184 
 185 
3. Results and discussion  186 
 187 
3.1 Engine generator performance  188 
 189 
The results obtained from engine performance parameters are presented in Table 4. A first 190 
important observation that can be drawn from the results is that mass consumption values 191 
were not statistically different from one another (at a 5% probability level), regardless of the 192 





Table 4 - Mass consumption (Mc), brake specific fuel consumption (BSFC)  and overall 196 
efficiency as a function of the system load (E) using diesel, biodiesel and their blends (at a 197 
5% probability level)a 198 
 199 
The results presented in Fig. 1 show that brake specific fuel consumption (BSFC) is not 200 
affected by variations in fuel blends, a pattern also observed by Oberweis and Al-201 
Shemmeri[17] in their comparison of diesel, biodiesel and blends of the two. However, the 202 
increase in load supplied to the engine caused a statistically significant reduction in BSFC. 203 
Similar results were found by Silva et al. [14] when testing diesel and waste fat biodiesel in 204 
an engine generator identical to the one used in this study. Silva et al. [14] claim that the 205 
BSFC tends to be higher in low load situations (particularly when lower than 1.5 kW). 206 
Valente et al. [18] also observed that the BSFC tends to decrease with higher loads. 207 
According to Heywood [19], the increase in BSFC at lower loads is associated with low 208 
speeds, which cause lower inertial stress and reduce the mechanical efficiency. The latter is 209 
due to higher efforts to pump the gases inside and outside the combustion chamber, and to 210 
friction forces from mobile parts inside the engine. In addition to the preceding, Heywood 211 
[19] observed that when loads are increased, fuel mass consumption tends to increase due to 212 
the higher effort required. This higher amount of burnt fuel, supplies more energy inside the 213 
combustion chamber and, as a consequence, causes the temperature to increase. As a result, 214 
fuel is burned more efficiently because any residual that would be released with the exhaust 215 
gases, gets burned. Accordingly, despite the increase in fuel mass consumption, a reduction 216 





Fig. 1 Brake specific fuel consumption (BSFC) as a function of fuel type, fuel blends and 220 
loads. 221 
 222 
In Fig. 2, it can be observed that the tendency of the overall efficiency (E) was to increase for 223 
all types of blends, with higher efficiencies obtained when higher loadings were supplied to 224 
the engine. In addition, the overall efficiency increased with increasing content of biofuel in 225 
the mix. For SB, the gain in efficiency with increasing biofuel addition was marginal for the 226 
lower loads (0.5 and 1.0 kW; in fact there was a slight decrease for SB5). On the other hand, 227 
for the higher load (1.5 kW), the value of E actually decreased for soybean biofuels, but 228 
bounced up for the pure biofuel (SB100). The latter’s overall efficiency was nearly 15% 229 
greater than that of B0 (14.4% from 12.7%). For BT, the general tendency was for E to 230 
increase with increasing loads and blends, with the exception of BT5 at 0.5 kW and BT20 at 231 
1.5 kW. The maximum performance obtained in this study was 14.4%, for pure soybean 232 
diesel (SB100) at 1.5 kW load. The tendencies observed corroborate those obtained by Silva 233 
et al. [14], who also reached the conclusion that for loads lower than 1.5 kW, engine 234 
performances remained lower than 15%.  235 
 236 
Fig. 2. Overall efficiency (E) as a function of system load and fuel type and blends. 237 
 238 




The concentrations of inorganic gas (CO, SO2 and NOx) emitted for each load, fuel type and 241 
blend are presented in Table 5. To simplify the interpretation of these results, they are also 242 
presented in graphic form in Fig. 3.  243 
 244 
Table 5  Inorganic gas emissions (average values and standard deviation at a 5% probability 245 
level)a 246 
 247 
Fig. 3. Inorganic gas emissions as a function of load, fuel type and blend. 248 
 249 
Fig. 3a shows that CO emissions increased with small additions of biofuel to mineral diesel, 250 
regardless of the load applied. However, when biofuel additions became greater than 50%, 251 
CO emissions decreased abruptly and significantly. Beef tallow biodiesel led to greater 252 
decreases in CO emissions than soybean biodiesel. These results were similar to those 253 
presented by U.S. EPA [1] which concluded that animal fat biodiesel, due to its higher level 254 
of molecule saturation, led to greater reductions in CO emissions than the soybean biodiesel.  255 
 256 
Reductions in CO emissions were higher in conditions in which higher load was applied to 257 
the engine. This tendency was also observed by Bueno[20], who evaluated CO combustion 258 
emissions in an engine fueled with diesel and 20% soybean ethyl ester (B20), working at 259 
constant speed (2000 rpm) and under load fractions 33, 66 and 100% of maximum torque. In 260 
general, the CO emissions presented herein corroborate those found in the technical literature 261 




The percentage of oxygen measured (Table 5) was lower for blends with low biofuel 264 
additions (SB5, BT5, SB20 and BT20), which is associated with the greater CO emissions 265 
observed for these blends (Fig. 3a). As more biofuel is added to mineral diesel, the 266 
concentrations of emitted O2 increase and those of CO become lower. Schumacher et al. [24] 267 
and Wang et al. [25] explained that the presence of oxygen in biodiesel provides better 268 
conditions for complete combustion, leading to a reduction in CO emissions. In addition, 269 
biodiesels have higher cetane numbers, which facilitates complete combustion (as it promotes 270 
reduction in ignition delay) and, consequently leads to lower CO release [26, 27]. 271 
 272 
For SB5, the results showed a slight increase in SO2 emissions at higher loads, while the 273 
emissions at the lowest load remained the same. For beef tallow, however, SO2 emissions 274 
remained at almost the same level for the lower loads after an addition of 5% of this biofuel, 275 
but decreased by nearly 25% when the higher load (1.5 kW) was applied.  276 
 277 
For blends with more than 20% of the two biofuels, the trend in SO2 emissions was quite 278 
similar to that observed for CO, i.e. a continuous decrease in emissions with further addition 279 
of the biofuels. BT emissions for all loads – and blends with more than 20% of biofuels - 280 
were lower than those of SB, except when pure biodiesel was employed. The fact that BT 281 
blends generate fewer SO2 emissions, agrees with the findings of a study by Miller [28], who 282 
observed that the emissions level of this pollutant are lower with animal fat biodiesel, when 283 




In the end, SO2 emissions from each of the pure biofuels were approximately 75% lower than 286 
those from pure diesel (B0). Miranda[29] reached similar results employing waste cooking 287 
oil biodiesel. Reductions found for this pollutant are justified by the fact that the biodiesel is 288 
practically sulfur free [27, 30-32] compared to 1800 ppm commonly found in diesel.  289 
 290 
NOx emissions showed a very different pattern when compared to the other two pollutants 291 
discussed above. The emissions of this pollutant remarkably increased with increasing loads 292 
applied to the engine, a behavior also observed by Cheung et al.[33], Elango and 293 
Senthilkumar [34], and Xue et al. [35]. However, considering each load separately, there is 294 
no apparent pattern associated with NOx emissions as the amount of biofuel in the mix 295 
increases. A greater database might help identify a clearer response of the system to the 296 
increase in biofuel addition. 297 
 298 
Nabi et al. [21] pointed out that the highest oxygen content in biodiesel [due to a higher 299 
concentration of oxygenated groups, such as esters] and proper adjustment of fuel injection 300 
timing can contribute to the increase in NO and NO2 emissions. Other studies (i.e. Oberweis 301 
and Al-Shemmeri [17]) claim that the increase in NOx emissions with the increase in load, 302 
results from the higher temperatures reached in the combustion chamber (and NOx emissions 303 
are directly related to the gas combustion temperature). In the present study, the increases in 304 
temperature (data not presented) from the low to the mid loadings are minimum, whereas the 305 
increases from the mid to the high load vary between 5o C and 10o C (by all means, not a 306 




Li and Gülder [36] claim that the increase in the biodiesel cetane number might be 309 
responsible for a reduction in NOx emissions under low loading conditions. Considering that 310 
the loads employed in this study were 10%, 20% and 30% of the maximum load, the previous 311 
statement seems to corroborate the findings of the present study.  312 
 313 
3.3 Organic Gas Emissions – BTEX 314 
 315 
BTEX Determination 316 
The average concentrations obtained as a function of the engine load and fuel used, for the 317 
four compounds, are illustrated in Figures 4 to 7. Analyses of the field blanks prepared for 318 
each blend and loading did not show the presence of any of the BTEX compounds within 319 
detectable limits.   320 
 321 
Fig. 4. Benzene emissions with different fuels and loads evaluated. 322 
 323 
Fig. 5. Toluene emissions with different fuels and loads evaluated. 324 
 325 
Fig. 6. Ethylbenzene emissions with different fuels and loads evaluated. 326 
 327 
Fig. 7. Xylene emissions with different fuels and loads evaluated. 328 
 329 
The general pattern for all four compounds was clearly of decreasing emissions with 330 
increasing addition of both biofuels. However, the magnitude and intensity of the decrease in 331 
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emissions varied depending on the type of compound and loading applied. Table 6 332 
summarizes the changes in BTEX concentrations for all blends and loads.   333 
 334 
Table 6  BTEX emissions relative to pure diesel (SB0 or BT0) 335 
 336 
One of the most common arguments in the literature to explain the BTEX emission 337 
reductions when biodiesel is used as a substitute for diesel is the higher oxygen content and 338 
cetane number of biodiesels. The fact that biodiesels are more oxygenated than pure diesel 339 
favors their oxidation, therefore leading to lower emissions of these pollutants. A higher 340 
cetane number favors combustion and promotes lower ignition delay, which reduces 341 
incomplete burning, and, consequently, emission of these hydrocarbons [37, 38].  342 
 343 
Soybean presented higher BTEX concentrations than beef tallow for all comparable blends 344 
and loadings. This possibly results from the higher cetane index of methyl esters originated 345 
from the beef tallow biodiesel, which possess a higher degree of molecule saturation [27, 39]. 346 
The lowest emissions were found when pure beef tallow (BT100) was used. SB100 produced 347 
lower BTEX emissions than those of pure diesel, except in the case of Benzene, for which 348 
SB100-associated emissions were higher when the lower and higher loadings were applied. 349 
The higher oxygen content of pure biodiesel – as compared to pure diesel – also explains why 350 
these compounds are more easily oxidized, and, as a result, their use leads to lower emission 351 




In the case of benzene, there was a reduction in emissions with increasing loads applied to 354 
the engine (Fig. 4) for blends containing 50% of the two biofuels (i.e. SB50 and BT50). This 355 
fact was also reported by Di et al. [38] and Cheung et al. [33] and can be attributed to the 356 
higher temperatures reached inside the combustion chamber at higher loads, which facilitates 357 
thermal oxidation of benzene. For BT100, there was a slight increase in emissions from the 358 
lower loading to the intermediate one (Fig. 4). 359 
 360 
Ballesteros et al. [40] , who tested the response of a diesel engine when biodiesels were 361 
employed, observed that the only monoaromatic detected in exhaust, for blends with over 362 
70% of biofuels, was benzene.  363 
 364 
As far as Toluene emissions are concerned, only the SB50 blend (for all loadings) did not 365 
follow the general pattern of decreasing emissions with addition of SB biofuel to pure diesel.  366 
 367 
An addition of 50% soybean biofuel to pure diesel led to an increase in ethylbenzene 368 
emissions for the intermediate and higher loadings. Otherwise, the general pattern of 369 
decreasing emissions with addition of biofuel and increase in loading observed for this 370 
compound, corroborate what was found in several studies, including one by the U.S. EPA 371 
[1], which concluded that ethylbenzene emission reductions could be greater than 61% when 372 
biodiesel is used as a substitute for diesel. In another study, Miranda [29] found that 373 
ethylbenzene emissions were approximately 75% lower when biodiesel was used, while 374 
Magara-Gomez et al. [41] obtained nearly no ethylbenzene emissions when using soybean 375 




Finally, as far as xylenes are concerned, the increase in emissions associated with SB50 was 378 
only noticeable for the intermediate and higher loadings (1.0 and 1.5 kW), although much 379 
less steep than observed for the other compounds. Several other studies observed a clear 380 
reduction in xylene emissions when biodiesels were added to pure diesel [1, 33, 38, 41].  381 
 382 
According to Corrêa and Arbilla [3], in order to explain emission variations with the addition 383 
of biodiesel to diesel, it is necessary to analyze in detail the engineering of the engine 384 
generator employed, as well as the degradation mechanisms of organic compounds at high 385 
combustion temperatures (thermodynamic destruction, direct emission through incomplete 386 
combustion and pyrosynthesis). The same authors also highlighted that the diesel cycle 387 
engine combustion is a complex process influenced by several factors such as liquid 388 
atomization, quantity of air in the mixture and burning at high temperatures and pressures. 389 
The addition of biodiesel to diesel might alter some of the latter’s physico-chemical 390 




4. Conclusions   395 
 396 
The present study involved two precursors of biodiesel, namely soybean and beef tallow. 397 
Together, they are responsible for approximately 92% of biodiesel production in Brazil. The 398 
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results permit to conclude that the use of the two selected biodiesels is advantageous with 399 
respect to performance and combustion emissions for the engine generator tested.  400 
 401 
A first important observation that can be drawn from the study is that mass consumption 402 
values did not vary significantly, regardless of the biofuel, applied load and fuel blend. Brake 403 
specific fuel consumption is not affected by variations in fuel blends for both types of 404 
biofuels. The tendency of the overall efficiency was to increase for all types of blends when 405 
higher loadings were supplied to the engine. In addition, the overall efficiency increased with 406 
increasing content of biofuel in the mix. 407 
 408 
As far as emissions abatement is concerned, reductions were in fact obtained, but their 409 
magnitude – or importance – varied according to the contaminant studied and to the 410 
operational conditions. Indeed, there were reductions in CO, SO2 and BTEX emissions with 411 
the use of biodiesel. Beef tallow biodiesel led to greater decreases in CO emissions than 412 
soybean biodiesel. The same applied to SO2 reductions, except when pure biodiesel was 413 
employed. In the latter case, emissions from the pure biodiesels were approximately the 414 
same. This situation was expected, considering that these fuels are basically aromatic and 415 
sulfur free in their composition. Use of beef tallow biodiesel led to lower emissions than 416 
those produced by soybean biodiesel. NOx emissions showed a very different pattern when 417 
compared to the other two pollutants with emissions notably increasing with increasing loads. 418 
No particular pattern in NOx emissions reduction or increase as a function of mix increase 419 




It should be pointed out that the best performance and emission reductions for the engine 422 
generator tested occurred when each of the two biodiesels used were blends containing 423 
greater than 50% of the two biofuels. Therefore, considering the methodology followed in 424 
this study, the use of the current proportion of biodiesel addition to diesel in Brazil (7%) does 425 
not present an optimal environmental advantage.  426 
 427 
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Table 1. Desorption parameters in automatic thermal desorption (ATD) 
Parameter ATD operation condition 
Valve temperature (ºC) 205 
Tube temperature (ºC) 300 
Trap high (ºC) 300 
Trap low (ºC) -30 
Transfer line (ºC) 205 
Desorption time (min) 15 
Desorption flow (mL/min) 60 
Column flow (mL/min) 1 
Inletsplit (mL/min) 45 
Outletsplit (mL/min) 25 
Pressure (psi) 20 




Table 2. Chromatographic oven heating conditions 
Step Rate (ºC/min) Temperature (ºC) Time (min) 
Initial 0.0 35 35 
1 2.0 60 10 
2 1.5 80 5 





Table 3. BTEX retention times, detection and quantification limits.  
Pollutant Retention time (min) Detection limit (ng) Quantification limit (ng) 
Benzene 12.82 2.43 8.10 
Toluene 22.10 11.67 38.91 
Ethylbenzene 33.30 3.22 10.74 
m.p-Xylenes 35.87 0.06 0.20 
o-Xylene 38.51 0.19 0.64 
 
Table 4. Mass consumption (Mc), break specific fuel consumption (BSFC)  and overall efficiency as a function of the system load (E) using diesel, biodiesel and their blends  
(at 5% probability level)a 
 
Parameters Load (kW) 
Fuel 
B0 SB 5 BT 5 SB 20 BT 20 SB 50 BT 50 SB 100 BT 100 LAb 
MC  
(g/s) 
0.5 0.2 0.3 0.3 0.2 0.2 0.2 0.2 0.3 0.2 0.2a 
1.0 0.2 0.3 0.2 0.3 0.2 0.3 0.3 0.2 0.3 0.3a 
1.5 0.2 0.3 0.3 0.3 0.2 0.3 0.3 0.3 0.3 0.3a 
AVGc 0.2a 0.3a 0.3a 0.3a 0.2a 0.3a 0.3a 0.3a 0.3a  
BSFC 
(g/kWh) 



















































AVG 1350.1a 1591.7a 1383.4a 1356.2a 1223.2a 1372.2a 1256.9a 1454.9a 1239.2a  
E  
(%) 



















































AVG 8.1ab 7.4b 8.2ab 8.1ab 8.8ab 8.5ab 8.9ab 9.2a 9.6a  
a The averages followed by the same letter are not statistically different from one another. 
b LA: load average 








Table 5. Inorganic gas emission (average values and standard deviation at 5% probability level)a 
 
Parameters Load (kW) 
Fuel 
B0 SB 5 BT 5 SB 20 BT 20 SB 50 BT 50 SB 100 BT 100 LAb 
CO (ppm) 
















± 150.6 1454.5 a 
















± 98.9 1087.4 b 
















± 73.7 796.0 c 
AVGc 1249.1 ab 1534.6 ab 1535.5 ab 1556.4 a 1122.0 b 1359.1 ab 596.5 c 628.9 c 431.8 c  
SO2 (ppm) 
















± 1.2 44.0 a 
















± 0.7 32.4 b 
















± 0.2 21.9 c 
AVG 52.3 a 54.4 a 50.9 a 47.3 a 25.9 bc 28.7 b 10.9 c 13.2 bc 11.4 c  
NOx (ppm) 
















± 6.7 36.1 c 














 ± 13.1 
67.3 
± 6.5 48.3 b 
















± 7.2 86.4 a 
AVG 51.2 a 52.9 a 58.5 a 61.6 a 60.7 a 50.0 a 56.4 a 51.7 a 69.5 a  
O2 (%) 
















± 0.7 17.7 a 
















± 0.6 17.7 a 
















± 0.5 17.2 b 
AVG 17.6 b 17.0 cde 16.7 de 15.5 e 17.3 bcd 17.5 bc 18.4 a 18.6 a 18.2 a  
a Averages followed by the same letter are not statistically different from one another. 
b LA: load average 
c AVG: average 
 
 
Table 6. BTEX emissions relative to pure diesel (SB0 or BT0) 
Fuel Load (kW) Difference relative to pure diesel (%) Benzene Toluene Ethylbenzene Xylene 
SB 50 0.5 > 100.0 +23.4 -52.9 -68.2 
BT 50 0.5 -29.4 -39.5 -77.7 -75.9 
SB 100 0.5 +19.5 -78.4 -92.5 -94.9 
BT 100 0.5 -82.9 -92.7 -96.4 +98.0 
SB 50 1.0 +65.2 +20.5 +17.1 +25.8 
BT 50 1.0 -59.0 -48.9 -65.2 -31.8 
SB 100 1.0 -29.5 -79.9 -82.8 -84.7 
BT 100 1.0 -72.5 -90.3 -91.9 -90.0 
SB 50 1.5 > 100.0 +88.9 +64.9 +27.7 
BT 50 1.5 -20.5 -39.8 -71.5 -57.4 
SB 100 1.5 > 100.0 -40.8 -65.1 -80.9 
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